A. I. SPRIGGS From the United Oxford Hospitals
In approaching the question of automatic recognition of malignant cells, it is necessary first to make one point about neoplasia in general. It would be convenient to have a detectable or measurable character which is specific for malignant cells, for instance a staining reaction. The fact that none has ever been found is itself an important datum which tells us something about cancer. There are plenty of specific characters for various normal cellsthings like secretion of insulin or keratin, or the possession of basophil granules or cilia: all these differentiated characters are specific because the cells are working to a program. In malignant transformation the various programs are lost or debased, and probably no common feature is to be expected. Instead, we find the utmost diversity.
The above statements do not by any means imply that an experienced observer cannot ever identify malignant cells. In some situations, and this includes the cervix uteri, the cells shed from a carcinoma are completely different in appearance from the normal epithelial cells, though they differ greatly among themselves. In discussions about the possibility of automatic screening an engineer is apt to be baffled because he cannot get a straight answer to his question, ' What do you notice when you identify a cell as malignant? ' There are therefore two sides to the problem of automatic screening for malignant cells. The first is the matter of deciding on one or more marker characters or parameters, and how to use or interpret them so as to screen specimens. The second is the technical one, how to serve up the cells to the sensing device and how to measure the parameters chosen at a speed high enough to satisfy population screening requirements. Both these aspects involve peculiar difficulties and these will be discussed below. But at first it is worth examining the standard against which our hypothetical machine will be measured.
MEANING OF 'POSITIVE' AND 'NEGATIVE' In most diagnostic applications, for instance in the examination of sputum for malignant cells, the cytologist can achieve quite a high degree ofaccuracy, because he finds out in due course whether his opinion was right or wrong. If it ever becomes possible to identify malignant cells in sputum automatically, the 'diagnosis' of the machine will be checked against the results of follow;'up, so that the accuracy in terms of 'false positive' and 'false negative' will be known and due adjustment made.
The only application of major practical importance in population screening at present is the search for precancerous lesions of the cervix uteri. Nearly everybody conversant with this subject is convinced by the evidence that the so-called 'carcinoma in situ' is a stage in the development of cancer of the cervix. Although much remains to be learnt about this process, there is no doubt that a substantial proportion of women known to have carcinoma in situ in a biopsy sample will later develop invasive carcinoma if followed without excision of the lesion. What this proportion would be if there was no interference remains unknown. But there is a double difficulty, highly relevant to the automatic scanning problem.
1 Carcinoma in situ is not a clear-cut entity, but instead there is a whole spectrum of changes from normal right up to micro-invasion. Nobody knows where to draw the line and when to call the lesion definitely precancerous. We therefore do not really know which cases we wish to find. Some lesions would demand excision in every competent opinion; some classifiable ascarcinoma in situ by one pathologist would not be called so by others. Some 'dysplasias', not classifiable as carcinoma in situ according to the accepted definitions, are almost certainly precancerous and we would like to find these too, but the dividing line is even more uncertain.
2 The cytological opinions of different observers also vary, and there is no accepted classification. The five classes introduced by Papanicolaou (which I do not personally use) were defined by him as follows (Papanicolaou, 1954) (Spriggs, Diamond, and Meyer, 1968) . It is not necessary to attempt to classify whole specimens into 'positive' and 'negative'. An equal saving of manpower could be achieved if there was simply an automatic selection of abnormal fields. If the human pathologist only had to look at fields containing cells picked out according to the chosen criterion, he would be saved the labour of scanning large amounts of normal material, and would be able to make his own decision on the basis of the marked fields. Even if he has to examine some part of every smear, he must be spared a proportion, perhaps a large proportion, of the repetitive work. Moreover the occurrence of artefacts, even if they outnumbered the genuine abnormal cells, would not be serious as the human eye would reject them.
CHOICE OF PARAMETERS
Malignant cells are very variable. To program a computer to recognize all the abnormal appearances in perhaps hundreds of cells, which together convince a cytologist that the smear is 'positive', would certainly be difficult and expensive; and since there may be up to 100,000 cells in a smear of the usual size, the process of characterizing them automatically might even be relatively slow. It seems inevitable that a few simple criteria must be used, and that less than 100% of the malignant cells present in the smear will measure up to the criteria chosen. If the system described above is to be used, that is, marking fields rather than sorting specimens, then only a small minority of the malignant cells need to be found at all: in principle, only one per smear, so that the observer is alerted by seeing it and goes back to study the whole smear manually.
Criteria must therefore be found which will be met by some, but not necessarily many, of the malignant cells in something near to 100 % of positive samples. This is a much simpler requirement than to distinguish all or most of the malignant cells from the normal cells by which they are surrounded. (Atkin, Richards, and Ross, 1959; Sandritter and Fischer, 1962) . The right-hand tail of the distribution of DNA values could be used as a distinctive character, and this is valid for carcinoma in situ as well as for invasive cancer (Wilbanks, Richart, and Terner, 1967 The nucleo-cytoplasmic ratio is frequently higher in malignant cells than in the tissue of origin (Table I) , and might be a useful measurement if it could be obtained accurately (Reagan, Hamonic, and Wentz, 1957; Tolles, Horvath, and Bostrom 1961 Ladinsky, Sarto, and Peckham (1964) .
This test, using a Coulter counter, seems to have been empirical, and its reliability has not been confirmed (Vaillant and Richart. 1966 ). Measurements of cell diameter or area ( Table I ) have shown that the cells of invasive carcinoma are much smaller, on average, than the normal squamous cells, and that carcinoma in situ and dysplasia give intermediate values (Reagan et al, 1957) . From (1957) found that the mean diameter and area were highest in dysplasia, less in carcinoma in situ, less still in invasive carcinoma, and smallest of all in normal squamous cells (Table I) . (In this series no account was taken of the large variations in nuclear size of normal cells in the presence or absence of hormonal stimulation, eg, after the menopause.)
There is also a wide variation of nuclear size in any one malignant or premalignant lesion, with an extensive scatter to the right of the distribution. It is characteristic that a few extremely large nuclei are nearly always present, and these certainly might identify positive smears. (More will be said about this on page 4.) If nuclear diameter or area were coupled with optical density measurements this would be even better. Tolles et al (1961) made numerous measurements of diameter and optical density of stained nuclei in cervical smears, and showed in contour diagrams that positive smears bulked together display a different distribution from normal, with more cells showing higher optical density and larger diameter. Shifts in the modal values are obscured by the presence of large numbers of normal cells, so that the extreme values are more important for our purpose than the maxima in the distribution.
THE CYTOANALYZER AND ITS DESCENDENTS
The above data provided the basis for the criteria used in the Cytoanalyzer, a cervical smear screening (Tolles et al, 1961) . In field trials using the instrument, there was a 63% false positive rate with 10% false negatives, and it transpired that positive decisions depended to a large extent on overlapping leucocytes and debris (Spencer and Bostrom, 1962 (Koenig et al, 1968 ).
Yet another system has been suggested by Roth (1966) ; this is to treat a constant number of cells with a solution of acriflavine, which mainly stains the nucleic acids, and to measure the amount of stain remaining after absorption. Confirmation of the efficacy of this has not, to my knowledge, been published.
THE ONE-PARAMETER APPROACH USING NUCLEAR DIAMETER
It is by no means certain that malignant cell populations from cervical carcinoma always have a raised mean nuclear diameter as compared, for instance, with cervical parabasal cells. It is, however, a matter of common observation that some of the malignant nuclei are usually of large size. We therefore thought that this feature alone, applied to the system of automatic marking of abnormal fields described on page 3, might be a sufficiently reliable signal. In order to explore this possibility Dr R. A. Diamond in my laboratory made a series of nuclear measurements using a micrometer eyepiece. This work was not the sanme as that performed by Tolles et al (1961); instead of spending large amounts of time and effort on measuring the whole population of cells, most of which are usually normal even in a positive smear, the effort was concentrated on searching for the largest nuclei and measuring these. In this way the right-hand tail of each distribution was studied, and it was confirmed that every 'positive' smear examined did in fact contain some very large nuclei. One of his tables (Diamond, 1967 ) is reproduced here (Table II) , based on the examination of 30 positive and 30 negative smears. These figures suggest that an automatic device marking nuclei of diameter 12 , or 13 ,u would not fail to mark a few abnormal cells in every positive smear, and would not make too many 'false' marks on negative ones. A striking demonstration of the extent of scatter to the right in the nuclear size distribution is given by Fig. 1 (Diamond, 1967) . This is constructed by determining the largest nucleus found in the whole of a smear, and recording only these 'maximal 'From Diamond (1967 The best cut-off point at which a nucleus should produce a signal cannot be determined from measurements made manually like the above, but will have to await the development of effective automatic instruments. The Vickers instrument, which presents stained cells to an automatic photometric device, is being developed with this principle in view. I believe that the nuclear diameter with or without a separate estimation of optical density, ie, above the level necessary to record nuclei at all, offers the best prospect at present for automated prescreening, but only if these measurements are used for marking places of particular interest for human viewing. There does not seem to be a workable criterion in sight for sorting whole smears into positive and negative.
Even the simplest system, the automatic marking of nuclei with a diameter exceeding say 12 or 13 g, Cervical smears are normally spread out on 1 in. x 3 in. slides, the size being traditional. The amount examined is that quantity which can conveniently be spread on this size of slide. Technicians are taught that they must examine the whole smear, field by field, and this is a sensible rule for maintaining quality. To scan the whole of one of these smears takes about five minutes on average, and in one hour it is easy to examine about 10, but this concentration cannot be kept up for long at a time with comfort.
Another system used in some centres is to put more than one smear on each slide, for instance one cervical scrape, one vaginal aspirate, and one endometrial aspirate (Wied and Bahr, 1959 (Bryans, Boyes, and Fidler, 1964) and this is hardly long enough for a complete examination of every field under a 22 x 40 mm coverslip. It is therefore worth finding out what is the smallest size of smear to produce an acceptable accuracy. Boddington (1968) In the author's opinion, the possibility of programming a computer to imitate the 'recognition' of positive smears, as a human observer does, is rather remote. Much closer to fulfilment would be a marking system, by which a few of the most aberrant cells are automatically marked on a slide (or tape); the whole smear would not be recorded as positive or negative by the instrument, but instead of this the human observer would be led to examine a limited number of fields, from which to decide whether the rest of the sample deserved examination.
Of several possible single parameters, nuclear diameter is probably the most useful one, as practically every 'positive' smear contains at least a few very large nuclei. A machine capable of marking nuclei above a predetermined size is still not satisfactorily developed.
'Objective x 6-3, Optovar x 1-6, eyepieces x 8. 
